This annlication a division of reissue width (j'^). The curve has a second portion spanning a 

■77— 7. — . , non/c/;<o'; fiUri A„a„<!t 4 range of short (low) pulse width relatrve to the first portion. 

a pplication senal no. 09/366,685 filed August 4, TT^,^p„p^o;;3ji^ l^^^ Anence breakdown threshold 

1999 2aid pulse width differ in the first and second portions of the 

GOVERNMENT RIGHTS 5 curve and the predetermined pulse wid& is that point along 

the curve between its first and second portions. In other 

This invention was made Wi& government support pro- ^^^^ predetermined pulse width is the point where the 

vided by the Office of Naval Research and theNat^^ ^^^^^ relationship no longer ^plies, and, of course, 

Science Foundation under the tmas of No. SIC PHY j ^ ^^^^ ^^^^^ predeter- 

8920108. The government has certain ngbts in the inven- ^^^^^ 

The scaling of fluence breakdown threshold (JF^ as a 
EIEUD OF THE INVENTION function of pulse width (T) is expressed as F^ jffoportional 

to the square root of (T^) is demonstrated in thepulse widai 
This invention relates generally to methods utilizmg re^mc to the nanosecond range. The invention provides 
lasers for modif^g internal and external surfaces of mate- 15 methods for operating in pulse widths to the picosecond and 
rial such as by ablation or cban^g properties in structure of femtosecond regime where we have found that the break- 
materials. This invention may be used for a variety of ^own threshold (Fth) does not vary with the square root of 
materials. pulse width (T^^). 

X r^rrmrxrnm r^t? rrun TTsnTTTxrrrmsT wldth duration from nanosecond down to the fem- 

BACKC^OUNDOFTHEINVEOTION 20 tosecondrangeisaccomplishedbygeneratmgashortoptical 

Laser induced brealodown of a matmal causes chendcal pulse having a predctcrmmed duration from an optical 

and physical dianges, chemical and physical brcaMown, oscillator. Next the short opticalpulseis strctdiedin tune by 

disintegration, ablation, and vaporization. Lasers provide afactorofbetweenabout500andl0,000topcoduceatimed 

good control for procedures whidi require precision sudi as stretched optical pulse to be an^Med. Then, the time 

inscribing a micro palfem. Pulsed xa&er than continuous ^ stretdied q)tical pulse is an^ilified in a solid state amplify- 

beams are more effective for many procedures, including ing media. This includes combining the time stretched 

medical procedures. Ajsjlscdlaser beam conqjrises bursts or optical pulse with an optical pulse generated by a second 

pulsesofli^twhichareofveryshottduration,for«can5)le, laser used to pump the soEd state aiqjlifying media. The 

on the order of 10 nanoseconds in duration or less. Typically, amplified pulse is then rerompressed back to its ori^al 

these pulses are separated by periods of quiescence. The pulse duration. 

peakpowerof eachpulseisrektivdyhighoftenontheordear one embodiment, a laser osdllator generates a voy 

of gigawatts and capable of intens^ on the order of 10^ short pulse on the order of 10 to 100 femtoseconds at a 

w/cm^. Although the laser beam is focused onto an area reiativclylowenergy,ontheorderof O.OOlto lOnanojoules. 

having a selected diameter, the effect of the beam extends 'j^e^^ stretched to approximately 100 picoseconds to 1 

beyond the focused area or spot to adversely affect periph- nanosecond and 0,001 to 10 nanojoules. Then, it is amplified 

eral areas adjacent to the spot Somedmes the peripheral area to Q^cally on the order of 0.001 to 1,000 millijoules and 

affected is several times greater tiian the spot itself. This lOOpiooseccaidsto 1 nanosecond and then recompressed. In 

presents a problem^ particulariy where tissue is affected in a its final state it is 10 to 200 femtoseconds and 0,001 to 1,000 ' 

medical procedure. Jr tiie fidd of laser machining, current millijoules. Although the system for generating the pulse 

lasers using nanosccwidpulses cannot produce features with may vary, it is preferred that the laser medium be sapftee 

a high degree of prcdsion and control, particulariy when ^^Mdiindudes a titanium inipitity responsible for the lasing 

nonabsoiptive wavdengths are used, action. 

It is a general object to provide a method to locdize lasar in one aspect, tite method of tiie invention provides a laser 
induced breakdown. Anotiier object is to provide a method bcamwhidi defines a spot tiiat has alateasl gaussian profile 
to induce breakdown in a presdected pattern in a material or diaract^ized in thatfluence at or near the center of the beam 
on a materiaL spot is greater than the threshold fiuence whereby the laser 
« « « . «.«r«v^/%vT mduccd breakdown is ablation of an area withm the spot 
SUMMARY OFTHEINVENrnON The maxhnmn intensity is at the very center of the beam 
In one aspect the invention provides a method for lasa: 50 waist The beam waist is the point in &e beam where 
induced breakdown of a material wifli a pfised laser beam wave-front becomes a perfect plane; that is, its radius of 
where tiie material is diaractcrized by a relationship of curvature is infinite. This center is at radius R=0 m the x-y 
fluence breakdown threshold (F J versus laser beam pulse axis and along tiie Z asis, This makes it possible to 
width (T) that taduJuts an abrupt, r^d, and distinct diange damage mat^al in a very small volume 2M), R=0. Thus it 
or at least a dearly detectable and distinct change in slope 55 is possible to make features smaller than spot size in the x-y 
at a predetermined laser pulse widfii value. The method focal plane and smaller than the Rayld^ range (depth of 
comprises g^ieratir^ a beam of laser pulses in whidi each focus) in the Z axis. It is preferred that fiie pulse width 
pulse has a pulse width equal to cr less &an the predeter- dntation be m the femtosecond range although pulse dura- 
mined laser pulse widtti value. The beam is focused to a tion of higher value may be used so long as the value is less 
point at or beneath tiie. surface of a material where laser eo ^ pulse width defined by an abrupt or discemable 
induced breakdown is dcdred* diange in slope of fluence breakdown tiircshold versus laser 

Ittoneaspecttiieinventionmaybeunderstoodbyfurther beam pulse width, 

defining the predetermined laser pulse width as follows: the In another aspect, a diaphragm, disk, or mask is placed in 

relationship between fluence breakdown threshold and laser the path of the beam to blodc at least a portion of the beam 

pulse defines a curve having a first portion spanning a range 65 to cause the beam to assume a desired geometric configu- 

of rdarively long (high) pulse width where fluence break- ration. In still further aspects, desired beam configurations 

down threshold (F^ varies with the square root of pulse are adiieved by varying beam spot size or through Fourier 



Transform (FT) pulse shaping to cause a special firequency FIGS. 10 and 11 are plots of plasma emission versus laser 

distribution to provide a geometric shape* fluence showing that at 170 (FIG. 10) pulse width the F^j,, is 

It is preferred that the beam have an energy in the range very clearly defined compared to 7 nm (HG. 11) pulse width 

of IOnJ(nanojoules)tolmimjouleandtiiatthcbeamhave where it is very unclear. ^ ^ ^ 

afiuenceintherangeofClWtolOOWQoulesper 5 HG. 12isapiotofmipactiom2ationrateperum^^^^ 

centimetersquare).Itisprefeiredthatthewavelengthbein de^dby exp^entandti^^^^^ 

a range of 200 ma (nanometers) to 1 jmi (micron). ^ ?f lUustraUons of beam 

.7 t ; . .J *!. J* profile along the longitudmal Z axis and sharmg precise 

Advantageously,theinventLonprovidesanewmethodfQr ^ntrol of damage-^ension along the Z axis. 

detetmimng the optimum pulse width duration regime for a 

specific material and a procedure for using such regime to ^° DETAEJSD DESOUFnON OF THE 

produce a precisely configured cut or void in or on a PREFERRED EMBODIMENTS 

materiaL For a given material the regime is reprodudble by Referring to FIG. 1 there is shown an apparatus for 

the method of the invention. Advantageously, very higji performing tests to detennine the laser induced breakdown 

intensity results firom the method with a modest amount of threshold as a function of laser pulse width in the nanosec- 

cnergy and the spot size can be very small. Damage to ond to femtosecond range using a chitped-pulse amplifica- 

adjoining area is mimmized which is particularly important tion (CPA) laser system. The basic configuration of such a 

to human and animal tissue. CPA system is described in U.S. Pat No. 5^5,606 which 

These and other object features and advantages of the is assiped to the assignee of the present invention and 

invention will be become apparent firom the following whidi has inventors in common with this present applica- 

descr^tion of the pr^erred embodiments, claims, and tion. U.S. Pat No. 5235*606 is incoiporated herein by 

accompanying drawings. ref^nce in its entirety. 

^„ ^„ .„rr^,«« Chirped-pulse amplification systems have been described 

BRIEF DESCRimON OFTHE DRAWINGS Je^ Squi^and Gerard Modiou. two of the joint 
FIG. 1 is a schematic representation of a lasa induced 25 inventors in the present application, in a publication entitled 

breakdown experimental system which includes a diirped Laser Focus Worid published by Pennwell in June of 1992. 

pulse amplification laser system and means for detecting It is described that CPA systems can be roughly divided into 

scattered and transmitted energy. If the sample is four categories. The first includes the higji energy low 

transparent then transmitted energy can also be measured. rqwtition systems such as ND glass lasers with outputs of 
FIG.2isaplotofscatteredenergyversusincidentfluence 30 several joules but they may fire less than 1 shot per minute, 

obtained for an opaque (gold) san^le using the system in Asecond category are las^s thathave an output of approod- 

HG 1 operated at 150 fmtoseconds (fs) pulse duration, ^^^V ^ J^^® repetition rates from 1 to 20 hertz. The 

na 3 is a plot of calculated and experimental values of ^ ^"^f ^P'^^^ f ^^f^jT'fl^'^u ""^f^ 

threshold fluence versus pulse width for gold, with experi- f^^^ ^ acn^^f ^* ^^'^^^^'^ '^Z?"'^ 
mental valuesobtamedfc^tfaegoldsampleusingthesySm 35 0P5ates at 250 to 350 Mohe^ and P^fs^ 1 to 2 

ofHaioperatedat800mnwavele3.Theirowshows Huaojoi^es par piO^^^ Pat No. 5235,606 several 

the point on the plot where the proportional to T^'^ no f?^*^'^?,^^^^ !!f '^'^'^T' 

long^ applies, as this rdationsMp 0^ holds for pulse ^^.^'^^^^ f^Jf^ ^ ^T^^f^ """^I 

widths down t; a certain level as shown by the soEd Hne. Alexandrite, Th^ ^can^les bdow i^e Ti:Sapphire^a^^^^^ 
^ • t.. 1 ^ ^ r u * • 40 crally follow the basic process of U,S, Pat No. 5,235,606 
HG. 4 IS a grapkcal repres^tation o^^^^ siz^ ^ with some variations as described bdow. 

abladontoachimng m gold based on arbitrary un^ and rt- *- 1 ^ -i. ^ 1. ^ tt 

radius of the abla^hole in the x-y plane. nanojoalerangewiApinsec^araUonintherangcof to 

~~„ _ , ^ . r L . . 45 of picoseconds or less and the frequenCT on the order of 1 

HG. 5 IS a sdiema&c iflustration of a beam inteMjty idiohertz.Butthese examples are merely iUnsttative and tiie 

profiieshowrngthatforlaserimCTO-machmmgwiaultrafast invention is not limited&ereby. 

pulse accordmg to the invMtion, only In a basic scheme for CPA. first a short puke is generated. 

int^yffleexceedsthethresholdintensilyforaMation/ la^aUy pulse from the oscillator is s^dentt? Lrt so 

macninmg. ^ ^ further pulse compression is not necessaiy. After the 

FIG. 6A and B are sdiemj^c illusttations of a beam pulse is produced it is stretdied by a grating pair arranged to 

showmg the placement of a disk-shaped mask in the beam ^^^^^^ p^^j^^^ ^^^^^ dispersion. The amount the 

P^^- ^ pulse is stretched depends on the amount of amplification* 

FIG* 7 is a plot of scattered plasma emission and trans- Bdow a millijoule, tens of picoseconds arc usually suffi- 

mittedlaserpulseasafanction of inddentlaserpulse energy 55 dent A first stage of amplification typically takes place in 

for a transparent glass sample, SiO^. dthcr a regenerative or a multipass amplifier. In one con- 

EEG, 8 is a plot of fluence tiMreshold (F^ versus pulse figuration this consists of an optical resonator that contains 

width (T) for the transparent glass san^le of FIG. 7 showing the gdnmedia, aPockds ccU, and a fiiin film polarizer. After 

that varying with T^ only holds for pulse widths down the regenerative amplification stage tfie pulse can cither be 

■ to a certain levd as shown by the solid line. Previous work go recon^resscd or further amplified. The compressor consists 

of others is shown in the long pulse width re^e (Squares, of a grating or grating pair arranged to provide negative 

Smith Optical Eng 17, 1978 and Triangles, Stokowsld. NBS group velocity dispersion. Gratings are used in fee con^res- 

Spcc Bui 541, 1978). sor to coirespond to those in the stretdiing stage. More 

FIG. 9 is a plot of fluence threshold versus pulse width for particulars of a typical system are described in U.S. Pat No. 

corneal tissue, again showing that the proportionality 65 535,606, previously incorporated herein by reference, 

between Fj^ and pulse width follows the T*^ relationship An important aspect of the invention is the development 

only for pulse widths which are rdatively long. of a characteristic curve of fluence breakdown threshold F,;, 



asafuncdonofkscrpidsewidthspedfiictoaimterial.Then a radius It is evident that by jE-operly choosing the 

identify on such curve, fee point at which there is an abrupt, incident fiuencc, the ablated spot or hole can in principle be 

cm: distinct and rapid change or at least a disconablediange smallo: than the spot size, This concept ^ shown 

in slope characteristic of the materiaL In general it is more schematicany in HG, 5. Althou^ tiie data for a 150 f spulse 
desiraMc to operate past this point because of the more 5 is shown ia 4, this toe^^^^ 

X_ ^ ^ , „^ u^^r^uAr^^yr. /T TUN ^ widc T^ n^ff ' of Dulse widths. However, sub spot size ablation 

prec^e control of the laser mduced breakdown (UB) or ^ i,,g^ p^^J ,egiies, due to the 

ablation threshold. domin^ce of thermal diffusion as wiU be described below, 

gj^y^j^£P£^ I Additional experiments on opaque materials used a 800 

,Q nmlitSapphireosdllatorwhosepulses werestretdiedby a 
Onaoue Material grating pair, amplified in a regenerative amplifier operating 

at 1 kHi, and finally recon^ssed by another grating pair. 
HG, 1 shows an cjqperimental setup for determining PuOse widths from 7 ns to 100 fs were obtained. The beam 
threshold fluence by determining scattered energy versus was focused wifli a lOx objective, in5)lymg a flicorctical 
incident fluence and by determining tbresholdfluence versus spot size of 3.0 |min diameter, A SEM photo-micrograph of 
pulse width- The system includes means for generating a ablatedholesobtdnedinasilverfihnonglass^usingapulse 
pulsed laser beam as described earUer, and means, typically width of 200 fs and a pulse energy of 30 nJ (fluence of 0.4 
a lens, for collecting emission firom the target to a photo- J/cm^) produced two holes of diameter approximately 0.3 
multipto tube. Change of transmission through a transpar- m ^ ^iameten Sumlar results have been obtamed m 
ent sanmle is measured with an energy meter. aluminum. 

Fia 2 shows a plot of data obtained &om an absorbing ^ . These r^ults suggest that by, produdng a sm^er spot 
mediumwhichisgoIdusingl50fspulseandHG.3shows size which is a function of numerical apert^e and 
threshold fluence versus pdse width. The arrow in HG. 3 wavelength, ev^ smaller hdes can be mdnned. We have 
identifies the point at which the relationship between the demonstrated tiie abmty to generate tiie foiffth harmomc 
thresholdfluenceandpulsewidlhvariesdramatically. ^ (2WDm)usmganonhnear(^s^^ 

F ' ^ objective lens along with the 200 nm Hght, holes with 

hi e^enmental cond^o^ w^ T^kSj Sth^ 200 anistroms could in principle be formed. 

and200fspi^ on^^ ?Ke Sfof 1^^^ ^^es low tiuit by using femtosecond pulses 

S^ofecSpistSr^^ T^^'f^\f^^ 
TTm &cron) k diameter, T^ich longer than &e 30 ^^f^^^^J,*^ "^^^ 

^soXn deptii, resulting in themial diffusion being tiie ^'^^^^ ^ The ablated holes I^ve an ar^^^^ 

ttuwiinxvu vivi^u*> & T3™«„«„„i diamctCTlesstiiantheareacrdiameterofthespotsize.Intae 

linutiiigfactormfeatoe8beiesduUon.B^ special case of dffiadionliinited spot dze,th^^ 

fOTttceacistence of these two regimes K as MUuDjted in FIG. oF6waL «^v, «i ^ Lt„i „„„„i„„^j, 

3 Hae both expedmental and toeoretical ablation thresh- ^ a aze (dwmdto) than&e &ndan«5nM w^^^ 

SSalX(sinlr)puiseisnecessary.Itorspotsi2e^ 40 f'^ST^."^' ^ 

theordcroflOOOAorless,pdscwidaionflieorderoflOO fio^t f or fee laduilMn. ^ . ^ «, , ^ ^ • 

Snosecoads or less wiU be needed. Jt is dear fiom the Those dcffled in the art vdll unde«Und tiiat &e b^c 

?gure that fliis is the pdnt at whidi the ablation threshold n««hod of the invohon may be utJi«^ in ftem^ve 

tilnsitionsfiomaslowlyvaryingQrneaiiyconstantvataeas cnbodMdq)entogonthedesir.^ 

afunction of poise widflitoonethatisdramaticanydq>en- 45 induccdbreaIdo^ra.E«mjpl«indu(te,buta« 

dent on pnlsetoie. TWs result is surprising. It has been «ang a maslt in the beam path, varying spot sub. adjusting 

dcmonstratedthatthcdecttontfaetmalizationtimcforlaser focus position by moving the lais, adjusting laser canty 

depositedettagyingpldisoilheonteotorlessthan,500 design, I^uri«Tcaiisf(^<JT^ sh^^ 

Kd the Son-lattice intaaction time is 1 ps. TUe ating ofter ttan TOMoo, and adjusting the Rayleigji 

consequences of this to ultafast laser pulses is that the 50'^^'*''**'^****°^ , „^ 

energyiscontaincdwithinflicbeamspotlhfactfOTcnagies The use a mask is illnstrated in HG. 6AandB.The 
at or near the ftreshold foe ablation, flie spatial profile of the bade mefliod consists of pladng a mask in fl» beam path or 
laser beam will detanine flie size and shape of the re^on on the target itsd£ If it is desired to block a paction of the 
bcmg ablated (FIGS. 4 andS). beam, the mask should be made of an <^ue matmal and 

Additional cmetiments were performed to measure the 55 bes«q«ndedin&ebeampathffIG.6A)^tiveIy,the 
anSuntofrecSXnIightpiSucedasafunctionofthe '^'"^l^,^^^^'^^^'^,'^^^ 
flacnceimpingingonagoldfilkTTietedimque contour the target to the shape of the made (HG. 6B). 

based upon the ejCpcrimental setup previously described. A The varying spot size is accomphshed by varymg the 
basic assumptioh is that the intensity of the Ught is proper- lasta fi'*. i-C varying the focal length of the lens or mput 
tional to flic amount of material ablated. In HG. 4, the 60 beam size to flic lens as by adjustable diaphragm, 
material removed is plotted as a function of fluence. Awdl Operation in otfio- flian tiie TEMoo mode means that 
defined tiireshold fluence is observed at whidi material hi^«OTdcrtransvase modes could be used. This affects flie 
removal is initiated. By having only a small fraction of flie beam and material as f dlows: tiie beam need not be drcular 
gaussian beam where flie fluence is greater tiian ttie or gaussian in intensity. The material wiU be ablated corrc- 
threshold. the ablated region can be restricted to flus small 65 spon<Mng to flie beam shape. 

area. In HG. 4, is flic radial position on ttie beam where The Rayldgjh range CZ axis) may be adjusted by varying 
tiie fluence is at threshold. Ablation, flien, occurs only wifliin flie beam dianoteri whcic flie focal plane is in flic x-y axis. 



EXAMPLE 2 consistent with the multiphoton avalanche breakdown 

theory. (See FIGS. 8 and 9,) It is possible to make features 
Transparent Material smaller than spot size in the x-y focal plane and smaller than 

A series of tests were perfomed on an SiO, (glass) Rfiyieigh range (depth of focus) in the longitudinal 

sample to detennine the laser induced breakdo4 0^) ^ f ^^^^ ™^ ^^'^ demente are essential to making 
Ihresholdasafunction of laserpulsewidth between 150fs-7 ^^^^^ ^ Rayleigh range, 

ns, using a CPA laser system* The short pulse laser used was EXAMPLE 3 

a 10 HzTi:Sapphire osdllator an^>Mer system based on the 

CPA technique. The laser pulse was focused by an f^25 cm Tissue 
lens inside the SiO^ sam^. The Rayleigh length of the '° ^ series of easpcriments was perfomied to detennine the 
focus«l beam is ~2 mm. The focuwd size was mea- breakdown threshold of cornea « a function of laser pulse 

width between 150 fs-7 ns, using a CPA laser systeiL As 
^ot size FWHM (fuU width at talf max) was 26 pm m noted earlier, in this CPAlasersy^em, laser pulse width ^ 

TS^'^r ^'•''^r'^A ^?'^n'?f*^''^r 15 bevaiiedwbileaUotocxpetiiLntalpaian^Cspotsize. 
madeftomCtormng7m wftath^ wavelength, enogy. etc.) rLain unchanged. Tie C wa 

o^m^^"^^ ^^"^ ""i* "^^.f ^""^^ to ^ spot (FWHM) of 26 pi in diameter. THe 

20-10. Eadi sajnple was cleaned by methan<d before &e plasma emission was r^rded 4 a fun^n of pulse en^gy 
experiment Thm sables were used m order to avoid fee ^ determine the tissue damage thre^old. Hist?- 

comphcauonsofself-focusmgofthelaserpubesmthebulk logic damage was also assessed. 

The SiOa san^le was mounted on a computer controlled t>„,w„„„ ti^^^u^iA i t » ^ «. i 

motorized X-Y translation stage. Each location on the , B^eakdoTO thre^olds calcukted from plasma cmusion 

sample was flluminated by the laser only once. ^T^^^"^ ^ ^"^t 

is ^, ^. ^ ....... , "^^^ case of metals and glass. As shown in FIG. 9, the 

TWO ^hagnosucs wae used to detcimme tte breai^wn scaling law of the fluence threshold is true to about 10 ps. 
threshold F«,. Firs^ the plasma emission from the focd ^ and fail when the pulse shortens to less than a few picosL 
region wascollectedbyalenstoaphotomnltiphertubewilh onds. As shown in HGS. 10 and 11, the ablation or UB 
appropriate filters. Second, the change of transmission threshold varies dramaticany at high aong) pulse width. It is 
toou^ the sampk was measured with an energy met^. very precise at short puke S These results were 
gee no. l)yisualmspection WIS pctfcmnedto confirm the obtained at 770 nm wavelengths. The standard deviation of 
breakdown at a nanosecond pulse durataon. HG. 7 shows 30 breakdown threshold measaements decreased markedly 
typical pbsma emission and transmitted hght^^ ^-.^ shorter pulses. Analysis also revealed less adjacent 

madent la^ energy Plote ata las^pulse width of v=300 Mstological damage with pulses less than 10 ps. 

ti^d?:^^Sbi?:Ssrss?4^^^^ ies?^""r'f/°^s'°i^t^.^r?^ 

behaviorrfthebreakdov^withutoashortScs.Duetothe ,5 to longer pidses and has smaUerst^darddev^^ 
spatial variation of the intensity, the bresldownwiU reach Rfd"=fadjac«nt histological damage to tissue results from 
threshold at the center of the focus, and because of fee short . ^^'^ P^^^. 

pulseduration.fliegeneratedpIasmawiUst^localized.The ^ summary, it has been demonstrated that sub- 
decrease in transmitted light is due to flie reflection. wavdenglfa holes can be maduned into metal surfaces using 
scattering, and absorption by flie plasma. By assuming a 40 ^™^"=°n^ ^^r pulses. The effect is physicaUy undo-- 
gaussianprofileinboatimeandspaceforflielascrintensity, stood in terms <rf the thoonal diffusion length, overthetime 
and furfiier assuming fliat flie avaiandie takes flie entire P^od of pulse depodtion, being less ftan&e absorption 
pulse duration to readi threshold, one can diow that the ^ inddent radiation. The interp-etation is further 

transndtted laser energy U, as a function of &e input energy ^ diameter being determined by fte lateral 

U is given by gaossian distdbution of the pulse in relation to the threshold 

*^ for vaporization and ablation. 

Laser induced optical breaMown dielectrics consists of 
Uf=kU,USUa three general steps: free electron generation and 

mult^cation, plasma hcatii^ and material deformation or 
Ur^^iUnffJAJaSL IMJa ^ breaMowB. Avalanche ionization and mnl(q)hoton ioniza- 

where k is the linear transmission coefficient The solid S wSfni^!! A'^vf' T'fj^^^^'J''' JT^?'^-'^, 
cuiveinHG.7isplottcdusingEq.(l),wi&U^as afitting P»el'»sermducedhrei&downtto^^^ 

parameter. In coiLt. breakSn'ci^sed by nanosecond 

laser pulses cuts off the transmitted beam near the peak of J^w of ttefiuence breaMown thresholdas afun^^^ 

thepulsesiindicatmgadifFerenttemporalandspatialbehav- ss f„S!:^Z'^^''^^''^l^V''^'f'^^'''^J'^^ 

r mtensity breakdown fiireshold, l^FJXp. Alfliough this 

FIG. 8 shows the fluence breakdown threshold as a '''=^f law applies in the pulse mdth regiiiK from 
function of laser pulse width. ftom7 ns to about 10F!,the s«?'idtotensofpi«seconds,themventiontid^ 
breakdown threshold follows flic scaling in the relatively untoiownrcgmie where breakdown thresh- 
long pulse width legane (triangles and squares) are also 60 d°es"«*fojlow the scahng law when suitably short laser 
shownasacomparison-^tcantesecnthatlheprcsentdata P°^«^are suchas shorter than 7 picoseconds for gold 
is consistentwith earlier work only in the hi^eriwilsewidfli ^" picoseconds for SiO^. 

portion of the curve. When the pulse width becomes shorter . ™t wishing to be held to any particular theory, it 

than a few picoseconds, the ftreshold starts to inaease. As f thought that the ionization process of a solid dielectric 

noted earlier with respect to opaque material (metal), ttis 65 ill"™"»atedby an intense laser pulse can be described by the 

increased predsion at shorter pulse widths is surprising. A general equation 

large increase in damage ftreshold accuracy is observed, «i«W<i<=n{£)«{fH'M'yrfOf.H<fa^ry<it)fc,„ 



where n^(t) is the free electron (plasma) density, r[(E) is the FIG. 12 is a plot of a as a function of the electric field, E. 

avalanche coeffident, and E is the electric fidd strengtti. The From cxpcdmental data, calculated according to il'5t,=60 and 

second term on the right hand side is the photoionization Ti==aVd^ The solid curve is calculated from the above 

contribution, and the third tenn is the loss due to electron equation, using E/=30 MV/cm^ £^=3.2 MV/cm. and 
diE^usion, recombination, etc When the pulse width is in the 5 0.01 MV/cm, These parameters are calculated from U==eEl, 

picosecond re^e, the loss of the electron is negligible vdierc U is the appropriate thmnal, phonon, and ionization 

during the duration of the short pulse. ena:gy, and 1 is the correspondent energy relation length 

Photoionization contribution can be estimated by the (Ij^j^rl^-S A, the atomic spacing, and 1^0 A), It shows the 

tunneling rate* For short pulses, E-iO® V/cm, the tunneling same saturation as the experimental d^ The dashed line is 

rate is estimated to be W"4xlO^ sec'S which is small corrected by a factor of 1.7, which results in an excellent fit 

compared to that of avalandic, whidi is derived below. with the experimental data. This factor of 1.7 is of relatively 

However, photoionization can pro\dde &e initial electrons minor importance, as it can be due to a systematic 

neededfartheavalancheprocessesatshoitpulsewidths,For correction, or because breakdown occurred on the surface 

exan^le, the data shows at 1 ps, the rms field fereshold is first, whidi could have a lower threshold The uncertainly of 

about 5x10*' V/cm. The field will reach a value of 3.5x10'' the saturation value of v^ also can be a factor. The most 

V/cm(rms)at0.5psbeforethepeak:of&epulse,andw-100 important aspect is that the shJ5)e (slope) of the curve given 

sec"^. During a At-100 fs period the electron density can by the-cquation provides excellent agreement with the 

reach n^-nj;i-e3^-wAt)]-10*^ cm"^, where n,-10" is the experimental data. Thus, the mechanism of laser induced 

total initial valence band electron density. breakdown in fused silica (Exan^le 2), using pulses as short 

Neglecting the last two terms tiicre is the case of an as 150 fs and wavelength at 780 nm, is likdy still dommated 
electron avalandie process, with in^t ionization by jai- 20 by the avalandie process. 

mary electrons driven by the laser field. The electron denaty Opaque and transparent matynfll^ have' common diarac- 

is then given by n/t)=n^e^n(E)t), n^ is the initial tcdstics in the curves of HGS. 3, 8, and 9 each begms with 

free electron densi^. These initial elections may be gencr- ^^^^ jiiz tjehavior but then distinct change from that 

ated through &ermal ionization of shaU^^ tc^s crphoto- behavior is evident From the point of deviation, each curve 
ionization. When assisted by phot(non^ 25 is not necessarily the same since the materials differ; The 

regime, the breakdown is more staged- Acc^dmg to the characteristics of each material differ requiring a 

condition that breakdown occurs when &e d«rtron demg ^ ^ |^ 

exceeds nrf^lO^* cm and an mitial density of n^lO^" luo^^iai oi«.wiiv ouaijro«. au ^iiu "^'"''J^^'^'^^ v^*v*. 

cm-^theteakdownconditionisthongivenb^Tl1L-^8.For energy dqjosition me^ 

the experiment, it is more appropriate to use n^.6xl0^ ^h^ T'^'tw ' 

cnT^, fee plasma critical density, hence &e toeshold is ioni2aticMi(M PI) that arc ti^tly bound and then accelerat- 

reached when iliL^O. There is some arbitrariness in the ^^em to hi^er energjes by h^ field of the laser. It is 

definition of pl^ma densi^ relating to fee breakdown feought that only a small amount of relatively energy 

threshold. However, fee particular choice of plasma density electrons exist prior to fee laser action. The electrons in turn 

does not change fee dependence of thre^old as function of collide wife ofeer bound electrons and release fecm in fee 

pulse duration (fee scaling law). 35 avalanchingprocess.Infeecaseof metal, free electrons are 

In fee experiment, fee appHed electric field is on fee ord^ available and instantiy abs(n1>ing and redistributing energy, 

of a few tens of MV/cm and higjien Under sudi a high field. For any material, as fee pulses get shorter laser induced 

fee dectrons have an average energy of -5 eV, and fee breakdown (LIB) or ablation occurs only in fee area where . 

electron collision time is less than 0.4 fs for electrons wife the laser intensity exceeds LIB or ablation threshold. Th«:e 

energy U^5-6 cV. Electrons will make more^ than one 40 is essentially insuffident time for fee sunoundmg area to 

collision during one paiod of fee decide osdEation. Hence react feermally. As pulses get shOTtcr, vapor fromfee ablated 

fee dectric field is essentially a dc fidd to feosehi^ energy material comes off aftw fee deposition of fee pulse, rafeer 

dectrons. The breakdown fidd at optiiral fre^endcs has deposition, because fee pulse duration is so 

been shown toconespo^ to dc br^own fidd by fee ^ ^ ^^^^^^^ ^ ^ invention, laser 

rdation^p ^'^^<yi>^^^^^ w is fee 45 induced br3; of a material causes feermd-ph^^^ 

\i • <^anges tiirough ionization, free electron imiltiplication, 

In dc breakdown, fee ionization rate pec unit length, a, IS Jt,zZ t!j "'r ^^"^7*^" *™ 7 

used to describe fee avalandie proces^wife tl=<^)v^^ didectric breakdown plas^ formation, ofeer thermal, 

where v^ is fee drift vdod^ of dectrons! When^ physical dianges in state, sudi as mdtmg and vaponzation, 

electric ^ is as high as afew MV/cm,fee drift vdodty of leading to an inevosible diange in fee material It was also 
free dectrons is saturated and indqpendcnt of fee laser ^ obsOTed feat fee laser intensi^ also varies along fee jaropa- 

dectric field, v^^^^iXUf cm/s. gation axis (FIG. 13). The beam intensity as a function of R 

The ionization rate per unit lengfe of an dectron is just and Z expressed as: 
tE/Ui times fee probability, TQS), feat fee dectron has an /(^ R)=ijium^-txp(r2t?/W^;^ 

effects of fecrmal, phonon, and ionization scattering, respec- ^ 

tively. Then fee electric fidd is negi^lc, B<Ejt2> so fee ^= . 
distribution is essentialiy fecrmal, PO^ is sinoply €aq)(-U/ 

kT). It has been suggested: P(E)-^xp(-const/E) for . ^ ^ , ^ • ^ 

E^<E„; P(E^-exp(-const/E^ at h^ fidds (E>R,), is fee beam size at fee waist (ZH)). 

cSabining fee tiiree cases fee expression tiiat satisfies bSh ^e can see feat fee hi^cst value of fee field is at 2^=0 

low and high field Ihnits: center of fee waist If fee thresholdis precisely defined 

it is possible to damage fee material predsdy at fee waist 

cx{E^eE/u;)exp[-SU{E(UE/E^Ej^ j^^y^ ^ damaged volume representing only a fraction of 

This leads to F^ a E^T^-l/ip, Le,, the fluence threshold 65 fee waist in fee R direction or in fee Z direction. It is very 

will increase for ultrashort laser pulses ^cn E>VE^i is in^OTtant to control ptecisdy fee damage fereshold or fee 

satisfied, laser intensity fluctuation. 



For example, if the damage fhreshoid or the laser fluc- 
tuations known within 10% that means that on the axis 

/(0^/,=l/(lK2^«)^.9 

damaged volume can be produced at a distance Z^3 where 
^ain is the Rayleigh range. For a beam waist of W^=I 
tiien 

Zr- 1^ — ~TlK 

and the d distance between hole can 




as shown in FIG. 13. 

The maximum intensity is exactly at the center of the . 
beam waist C&=0, R=0). For a sharp tocshold it is possible ' 
to damage transparent, dielectric material in a small volume 
centered around the origin point (Z=0, R=0). The damage 
would be much smaller than the beam waist in the R 
direction. Small cavities, holes, or damage can have dimen- 
sions smaller than the Rayleigh range (Z^^) in the volume of 
the transparent, dielectric materiaL In another variation, the 
lens can be moved to increase the size of the hole or cscvity 
in the Z dimension. In this case, the focal point is essentially 
moved along the Z axis to increase the longitudinal dimen- 
sion of the hole or cavity. These features are inq)ortant to tiie 
applications described above and to related applications 
sudi as miao machining, integrated drcuit manufacture, 
and encoding data in data storage media. 

Advantageously, the invention identifles the regime where 
breals^wn tiireshold fluence does not follow the scaling law 
and makes use of sudi regime to provide greater prcdsion 
of laser induced breakdown, and to induce breakdown in a 
preselected pattern in a material or on a materiaL The 
invention makes it possible to operate the laser where die 
breakdown or ablation threshold becomes essential^ accu- 
rate* The accuracy can be dearly seen by the I-bais along the 
curves of FIGS. 8 and 9. The I-bais consistently show lesser 
deviation and correspondingly greater accuracy in the 
regime at or below lire predctenmncd pulse width. 

While* this invention has been described in terms of 
certain embodiment thereof, it is not intended that it be 
limited to the above description, butrathcr only to the extent 
set forth in the foEowing claims. 

The embodiments of the invention in which an exclusive 
I^qperty or privilege is claimed are defined in tixe appended 
claims. 



